Transforming growth factor ␤1 (TGF-␤1) is a multifunctional, profibrotic cytokine involved in cellular growth and differentiation. We have previously described a cell surface-associated H 2 O 2 -generating NADH:flavin:O 2 oxidoreductase (referred to as NADH oxidase) activity in human lung fibroblasts induced by TGF-␤1 (Thannickal, V.
Transforming growth factor ␤1 (TGF-␤1) is a multifunctional, profibrotic cytokine involved in cellular growth and differentiation. We have previously described a cell surface-associated H 2 O 2 -generating NADH:flavin:O 2 oxidoreductase (referred to as NADH oxidase) activity in human lung fibroblasts induced by TGF-␤1 (Thannickal, V. J., and Fanburg, B. L. (1995) J. Biol. Chem. 270, 30334 -30338). In this study, the potential for regulation of this novel TGF-␤1-activated oxidase in fibroblasts by protein tyrosine phosphorylation was examined. Immunoblots using anti-phosphotyrosine antibody demonstrated a time-dependent but delayed phosphorylation of two proteins of 115 and 103 kDa in cells stimulated with TGF-␤1 (2 ng/ml). Similar to the effect on TGF-␤1-induced H 2 O 2 production, phosphorylation of these proteins was blocked by the addition of actinomycin D. The protein-tyrosine kinase inhibitors genistein and herbimycin A inhibited TGF-␤1-induced protein tyrosine phosphorylation, NADH oxidase activation, and H 2 O 2 production in a dose-dependent manner. Catalase, diphenyliodonium (an inhibitor of flavoenzymes), and suramin (an inhibitor of receptor activation, added 4 h after TGF-␤1) had no effect on the induction of protein tyrosine phosphorylation. Phosphorylation of the 115-and 103-kDa proteins preceded the generation of H 2 O 2 production and returned to control levels when H 2 O 2 was undetectable at 48 h after TGF-␤1 exposure. These results suggest that protein tyrosine phosphorylation by a nonreceptor proteintyrosine kinase(s) regulates the activity of the TGF-␤1-responsive H 2 O 2 -generating NADH oxidase in human lung fibroblasts. Additionally, this study demonstrates that TGF-␤1, which binds to a serine-threonine kinase receptor, is able to induce protein tyrosine phosphorylation in a delayed manner via a signaling pathway that requires transcriptional activation.
Transforming growth factor ␤1 (TGF-␤1) 1 is a multifunctional cytokine belonging to a family of structurally and functionally related peptides involved in cellular growth, differentiation, and tissue repair processes (1, 2) . TGF-␤1 signals through a heteromeric complex of type I and type II transmembrane serine/threonine receptor kinases (3, 4) . All serine/threonine receptor kinases described to date in mammalian cells are members of the TGF-␤ superfamily. Recent evidence suggests that post-receptor signaling involves a unique family of intracellular signaling proteins called Smads (a term derived from a merger of the Mothers against decapentaplegic (MAD)-related proteins identified in Drosophila and Sma-related proteins in Caenohabditis elegans) (5, 6) . Phosphorylation of Smads occurs on serine residues within a conserved SSXS motif at the C terminus of the protein (7). Rapid protein tyrosine phosphorylation in response to receptor activation by TGF-␤1 has been previously found to be lacking (8) , distinguishing it from typical fibroblast mitogens such as the fibroblast growth factors (FGFs). Despite this, TGF-␤1 has been shown to have mitogenic effects on cells of mesenchymal origin (9, 10) in contrast to its well recognized growth inhibitory effects on epithelial and endothelial cells (11, 12) . The mechanisms of the growth-promoting effects of TGF-␤1 are poorly understood but are thought to occur through a basic FGF or PDGF autocrine loop (9, 13) . Recent reports suggest that TGF-␤1 can activate members of the mitogen-activated protein (MAP) kinase family, which are dually phosphorylated on threonine and tyrosine through mechanisms that exclude autocrine loops involving other growth factors (14) .
We have previously reported that TGF-␤1 is able to activate a novel cell surface-associated NADH:flavin:O 2 oxidoreductase (referred to as an NADH oxidase) in lung fibroblasts, resulting in the extracellular release of hydrogen peroxide (H 2 O 2 ) (15). This was found to be a relatively delayed effect of TGF-␤1 (Ͼ4 h after exposure), requiring new protein synthesis and resulting in sustained release of H 2 O 2 for several h. Moreover, this enzymatic activity is different from the well characterized NADPH oxidase of phagocytic cells based on its specificity for NADH and enzyme kinetics. The H 2 O 2 -generating capacity of TGF-␤1 is also distinct from that of other growth factors such as PDGF (16) , basic FGF (17) , and epidermal growth factor (18) , which produce an early and relatively short-lived burst of intracellular H 2 O 2 . H 2 O 2 generated by these growth factors appears to be linked to their mitogenic signals (16, 17) . Although the precise function of TGF-␤1-induced H 2 O 2 production is unclear, it has been shown to induce the expression of the early growth response-1 (egr-1) gene in a mouse osteoblastic cell line (19) .
Thus, there is growing recognition that reactive oxygen intermediates (ROI) such as H 2 O 2 are essential signal transducers for specific actions of certain growth factors (15) (16) (17) (18) (19) . Cellular redox status, determined by oxidant/antioxidant balance, appears to regulate protein tyrosine phosphorylation (20, 21) . Fialkow et al. (22) demonstrated that ROI generated by the NADPH oxidase in neutrophils induces tyrosine phosphorylation. There is also evidence that phosphorylation of this oxidase by both protein kinase C-dependent and -independent mechanisms is required for activation (23) . Tyrosine phosphorylation appears to be important in the activation of the phagocytic NADPH oxidase by formyl-Met-Leu-Phe and aggregated immunoglobulin (24) . The purpose of this study was to examine the potential for induction of protein tyrosine phosphorylation in response to TGF-␤1 through oxidant generation and to determine whether tyrosine phosphorylation is required for the activation of the H 2 O 2 -generating NADH oxidase in human lung fibroblasts.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents-All experiments were performed on early passage normal human fetal lung fibroblasts (IMR-90; Institute for Medical Research, Camden, NJ). The cells were maintained in medium consisting of RPMI 1640 (Life Technologies, Inc.) supplemented with 5% fetal calf serum (Sigma), 100 units/ml penicillin/streptomycin (Sigma), and Fungizone (Life Technologies, Inc.); medium was changed every 3 days. Cells were plated on 35-or 100-mm dishes at a density of 10 6 cells/dish and incubated in 5% CO 2 , 95% air. Cells were growtharrested by reducing the concentration of fetal calf serum in the medium to 0.01% for 48 h. Porcine platelet-derived TGF-␤1 was obtained from R & D Systems, Minneapolis, MN. Diphenyliodonium (DPI) was from ICN Biochemicals, Cleveland, OH. Herbimycin A was from Life Technologies, Inc.. All other reagents and inhibitors were from Sigma.
Measurement of H 2 O 2 Release-H 2 O 2 release from cultured fibroblasts into the overlying medium was assayed using a modification of the method of Ruch et al. (25) . This fluorometric method is based on the conversion of homovanillic acid, a substituted phenol, to its fluorescent dimer in the presence of H 2 O 2 and horseradish peroxidase. At each time point after exposure to TGF-␤1, all cells were first washed with Dulbecco's phosphate-buffered saline, pH 7.4, and then incubated with a reaction mixture containing 100 M homovanillic acid, 5 units/ml horseradish peroxidase, type IV, and 1 mM HEPES in Hanks' balanced salt solution without phenol red, pH 7.4. This solution was then collected after a 1-h incubation, the pH was adjusted to 10.0 with 0.1 M glycineNaOH buffer, and fluorescence was measured at excitation and emission wavelengths of 321 and 421, respectively. Linearity of the rate of H 2 O 2 release was established by measuring the amount of H 2 O 2 released at regularly timed intervals over a 2-h period. All incubations of experimental samples were made with control samples containing the reaction mixture alone (i.e. without cells) to correct for any spontaneous dimerization of homovanillic acid. The exact concentrations of H 2 O 2 of solutions used to plot standard curves were determined spectrophotometrically at 240 nm using an extinction coefficient of 43.6 M Ϫ1 ϫ cm
Ϫ1
. Measurement of NADH Oxidase Activity-Measurements of NADH oxidase activity were made as described previously (15) . Cells were first washed with RPMI media without phenol red, pH 7.4, and then incubated with NADH (250 M) in the same medium for varying time intervals. The rate of NADH consumption was monitored by the decrease in absorbance at ϭ 340 nm, using a Hewlett-Packard 8452A diode array spectrophotometer. The absorption extinction coefficient used to calculate the amount of NADH consumed was 6.22 mM Ϫ1 ϫ cm
. For measurements of specific NADH:flavin oxidoreductase activity, the rate of NADH consumption inhibitable by DPI (26), a flavoprotein inhibitor, was used. This was done by adding DPI (10 M) 30 min before the assays for NADH consumption. This DPI-inhibitable NADH consumption was used as a measure of NADH oxidase activity. All measurements were expressed in nmol of NADH/min/10 6 cells. Cell Counts-Cell counts were performed concurrently with all of the biochemical measurements described. After removal of the extracellular medium for assay, culture dishes were washed with warm physiological saline, incubated with 1.0 ml of trypsin-EDTA for 2-3 min, and rapidly suspended in solution by pipetting. A 0.2-ml aliquot of cell suspension was then diluted for counting in a model ZM Coulter Counter (Coulter Electronics, Hialeah, FL).
Preparation of Cell Lysates for Western Analysis-Cultured cells from 100-mm Petri dishes were gently washed with 5 ml of phosphatebuffered saline. Cell lysates were then obtained by adding 1 ml of boiling lysis buffer (1% SDS, 1.0 mM sodium orthovanadate, 10 mM Tris, pH 7.4) to the dishes and boiling for 5 min. Samples were then sonicated for 5 s and centrifuged at 14 ϫ g for 10 min. A 50-l aliquot of the supernatant from each sample was separated for measurement of protein concentration, and the remainder was stored at Ϫ70°C for subsequent use. Protein measurements were made using the Bio-Rad DC Protein Assay Kit I, Bio-Rad.
SDS-PAGE and
Immunoblotting-A fixed 30-g protein sample from each group was mixed with a 1:5 v/v ratio of 6ϫ electrophoresis sample buffer (0.2 M EDTA, 40 mM dithiothreitol, 6% SDS, 0.06 mg/ml pyronin, pH 6.8) and boiled at 95°C for 5 min to denature protein. Sample mixtures were then loaded and subjected to electrophoresis in a 7% polyacrylamide gel by the method of Laemmli (27) . After electrophoresis, the samples and molecular weight standards were electrophoretically transferred to polyvinylidene difluoride membrane (Immobilon-P, Millipore Inc., Bedford, MA) and incubated in blocking buffer containing 75 mM sodium phosphate, 70 mM sodium chloride, and 0.1% Tween 20, pH 7.4, with 5% HiPure liquid gelatin (Norland, New Brunswick, NJ) for 1 h at room temperature. The blot was treated with a 1:1000 dilution of anti-phosphotyrosine/horseradish peroxidase-conjugated monoclonal antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) in blocking buffer for 1 h at 4°C. Antibody to phospho-MAP kinase (extracellular-regulated kinase-1/extracellular-regulated kinase-2) used in some studies was from New England Biolabs, Beverley, MA. Three washes with a buffer containing 10 mM Tris, 100 mM NaCl, and 0.1% Tween 20 were then performed before incubation with Supersignal Substrate Western blotting reagent (Pierce) for 10 min. The blot was exposed to chemiluminescent-sensitive Kodak X-Omat AR film, Eastman Kodak Co.
Statistical Analysis-Data from the various groups were expressed as means Ϯ S.D. Statistical comparisons were made using the Student's t test for unpaired samples. For studies involving more than two groups, two-way analysis of variance was determined using the Scheffe's test (GB-STAT: Dynamic Microsystems, Silver Spring, MD). Statistical significance in all cases was defined as p Ͻ 0.05. Reproducibility of findings with Western immunoblots were confirmed by at least three experiments.
RESULTS

TGF-␤1 Induces Tyrosine Phosphorylation in a Time-dependent Manner That Requires Transcriptional Activation-
Growth-arrested lung fibroblasts (IMR-90) were treated with TGF-␤1 (2 ng/ml) for varying periods of time up to 24 h, and the formation of phosphotyrosine protein intermediates was determined by immunoblotting techniques using a monoclonal antiphosphotyrosine antibody (as described under "Experimental Procedures"). A time-dependent and sustained phosphorylation of two proteins of 115 and 103 kDa was observed in response to TGF-␤1 (Fig. 1A) . This effect was relatively delayed, requiring 2 h for the phosphorylation of the 103-kDa protein and between 2-6 h for the 115-kDa protein. To determine whether this delay was due to the requirement for transcriptional activation and possible new protein synthesis, the effect of actinomycin D (0.05 g/ml) on the induction of protein tyrosine phosphorylation was examined. Fig. 1B demonstrates that actinomycin D completely abrogates the phosphorylation of these proteins induced by TGF-␤1. Low level tyrosine phosphorylation of the 115-kDa protein at base line (in untreated cells) was also blocked by actinomycin-D (Fig. 1B) . These findings were similar to our previous observations of a delayed and transcription-dependent effect of TGF-␤1 on NADH oxidase activation/H 2 O 2 production (15), suggesting a possible association between protein tyrosine phosphorylation and oxidase activation.
H 2 O 2 Does Not Mediate TGF-␤1-induced Protein Tyrosine Phosphorylation-To determine whether the observed protein tyrosine phosphorylation in response to TGF-␤1 is mediated by the generation of H 2 O 2 , we attempted to block this effect by co-incubating catalase (an enzyme that rapidly reduces H 2 O 2 to H 2 O) and DPI (a flavoprotein inhibitor that blocks H 2 O 2 production) with TGF-␤1. Fig. 2 demonstrates that both catalase and DPI, at doses that inhibit H 2 O 2 production (15), have no effect on the induced phosphorylation of the 115-and 103-kDa proteins. This suggests that TGF-␤1-stimulated H 2 O 2 production is not responsible for the induction of protein tyrosine phosphorylation.
Protein-tyrosine Kinase (PTK) Inhibitors Block TGF-␤1-induced Protein Tyrosine Phosphorylation, NADH Oxidase Acti-vation, and H 2 O 2 Production-To then determine whether tyrosine phosphorylation is required for activation of the TGF-␤1-responsive oxidase, the effect of PTK inhibitors on protein tyrosine phosphorylation, NADH oxidase activity, and H 2 O 2 production was examined. The induction of protein tyrosine phosphorylation by TGF-␤1 was inhibited by the PTK inhibitors genistein and herbimycin A (Fig. 3) , suggesting that this effect is mediated by the activation of PTK(s) by TGF-␤1. These PTK inhibitors also inhibited TGF-␤1-induced NADH oxidase activity and H 2 O 2 production in a dose-dependent manner (Table I), supporting the requirement for protein tyrosine phosphorylation for the functional activation of this oxidase. The ability of genistein to be a more potent inhibitor of H 2 O 2 release than herbimycin A, despite the fact that both agents inhibited NADH oxidase activity to control levels, may be explained by pharmacologic differences between these agents. Genistein is an isoflavonoid compound that, in addition to its effect of inhibiting PTK activity, has other effects including the ability to directly scavenge H 2 O 2 (28) . Initial experiments were performed with longer incubation of these inhibitors by adding them at the same time as TGF-␤1, but later experiments showed that similar results were obtained when the incubation time was shortened to 2 h before assays (and 14 h after treatment with TGF-␤1). This suggests that continuous activity of the PTK(s) involved is required for oxidase activity/H 2 O 2 generation and that the observed inhibitory effect does not involve an early signaling event of TGF-␤1 that will not be influenced by late addition of inhibitors.
Delayed Induction of Tyrosine Phosphorylation Is Not Linked to Autocrine Receptor Activation-Since the effect on protein tyrosine phosphorylation by TGF-␤1 is a delayed effect requiring transcriptional activation, we examined the possibility that autocrine production of mitogenic growth factors such as basic FGF and PDGF by TGF-␤1 may mediate this effect. Such a mechanism for the indirect mitogenic action of TGF-␤1 has been proposed (11, 13) . To block autocrine stimulation of receptors, suramin, an inhibitor of receptor activation (29) , was used. We found complete inhibition of TGF-␤1-induced tyrosine phosphorylation when cells were pretreated with 300 M suramin (Fig. 4) , suggesting that this effect is mediated via TGF-␤ receptor(s) signaling. However, when cells were treated with suramin 4 h after TGF-␤1 (Fig. 4, post-treated decrease in tyrosine phosphorylation in cells post-treated with suramin likely represents residual inhibition on TGF-␤ receptor(s) activation since receptor signaling may not have been fully transduced by 4 h. Further support for this is derived from additional experiments in which these same samples were subjected to immunoblot analysis using an antibody to phospho-MAP kinase (extracellular-regulated kinase 1/extracellularregulated kinase 2). In this case, suramin post-treatment completely blocked delayed induction of MAP kinase phosphorylation by TGF-␤1 (results not shown), suggesting that phosphorylation of MAPK by TGF-␤1 may be related to autocrine growth factor stimulation. This does not appear to be the mechanism by which TGF-␤1 induces tyrosine phosphorylation of the 115-kDa protein.
Relationship of the Time Course of TGF-␤1-stimulated H 2 O Generation to Induction of Protein Tyrosine Phosphorylation-
Our results showing that TGF-␤1-generated H 2 O 2 was not responsible for the observed protein tyrosine phosphorylation (Fig. 2) and that NADH oxidase activity/H 2 O 2 production is inhibitable by PTK inhibitors (Table I) suggested that oxidase activation in response to TGF-␤1 requires protein tyrosine phosphorylation but does not mediate it. We postulated that if the phosphorylation of these proteins is directly or indirectly involved with oxidase activation, tyrosine phosphorylation must occur before the observed generation of H 2 O 2 , and dephosphorylation must occur before (or at the same) time that H 2 O 2 is no longer detectable. We have previously shown that NADH oxidase activity/H 2 O 2 production stimulated by TGF-␤1 occurs 4 -8 h after treatment and returns to base line at 48 h (15) . Fig. 1A shows that phosphorylation of both the 115-and 103-kDa proteins occurs before the observed generation of H 2 O 2 . We have extended the time course to 48 h (0, 4 h followed by 8 h intervals) to determine the temporal relationship between protein tyrosine phosphorylation and H 2 O 2 production. The phosphorylation of the 103-kDa protein occurs relatively early (Fig. 1A, 2 h ) and was found to be dephosphorylated well before the observed decrease in H 2 O 2 generation, whereas phosphorylation of the 115-kDa protein more closely approximated the time course of H 2 O 2 production with a sustained increase between 4 and 40 h and a return to control levels by 48 h (results not shown).
DISCUSSION
There is now growing evidence that supports the concept that ROI such as superoxide anion (O 2 . ) and H 2 O 2 function as signaling molecules for the action of certain growth factors in nonphagocytic cells (16 -19 We have described a novel NADH:flavin:O 2 oxidoreductase (referred to as an NADH oxidase) activity in association with H 2 O 2 production on the cell surface of human lung fibroblasts stimulated with TGF-␤1 (15) . This activity is distinct from that recently described for classical mitogenic growth factors (16 -18) in several respects. First, TGF-␤1 induces H 2 O 2 generation in a delayed (requiring transcriptional activation and new protein synthesis) but sustained manner in comparison with the early and relatively short burst of ROI production by these growth factors. Second, TGF-␤1 appears to activate a cell surface oxidase that generates H 2 O 2 extracellularly in contrast to intracellular production of ROI, presumably by an NADPH oxidase-like enzyme (30) , in the case of growth factors associated with receptor PTKs (16 -18) . We have been unable to detect extracellular H 2 O 2 in response to PDGF and basic FGF or an early ligand-induced generation of intracellular ROI in response to TGF-␤1. 2 1 Third, extracellular release of H 2 O 2 was associated with NADH-specific oxidase activity on the cell surface with no NADPH oxidase activity detected (15) . Finally, we are unable to demonstrate extracellular O 2 . generation (using lucigenin-dependent chemiluminescence and superoxide dismutase-inhibitable reduction of ferricytochrome 2 ) in association with the TGF-␤1-activated oxidase in fibroblasts, suggesting a 2-electron reduction of O 2 to H 2 O 2 . Such a mechanism for the activation of molecular O 2 by flavoprotein oxidases has been well demonstrated (reviewed in Ref. 32 ).
In the current study, we show that the activity of the TGF-␤1-responsive NADH oxidase is regulated by PTK(s). Our findings that the NADH oxidase activity/H 2 O 2 production can be inhibited by adding PTK inhibitors for a short period (Table I , 2 h) after enzyme activity has been induced by TGF-␤1 suggests that continuous activity of the kinase(s) is required for oxidase activity. Thus, it is unlikely that the involvement of PTK(s) in this activation pathway is an early post-receptormediated event. This is consistent with recent findings that the immediate post-receptor signaling mechanisms of TGF-␤1, which binds a serine/threonine receptor kinase, involve proteins that are phosphorylated predominantly on serine (7). Further support for this is obtained from our observations that protein tyrosine phosphorylation induced by TGF-␤1 is relatively delayed and is transcription-dependent (Fig. 1) . Taken together, these results suggest that TGF-␤1 binding to a serine-threonine receptor complex activates a signaling cascade that results in the transcription of factor(s) required for protein tyrosine phosphorylation leading to NADH oxidase activation/ H 2 O 2 production. Alternatively, the requirement for transcriptional activation in mediating these effects may be due to a direct inhibition of the expression of one or more functional components of the NADH oxidase complex.
Our studies conclusively demonstrate the requirement for tyrosine phosphorylation in the activation of NADH oxidase activity/H 2 O 2 production, and there appears to be a close relationship between the phosphorylation of the 115-kDa protein and H 2 O 2 production, suggesting that direct phosphorylation of this protein may be required for activity. Furthermore, we have found that in a cell line (bovine pulmonary artery smooth muscle cells), which does not respond to TGF-␤1 by generating H 2 O 2 , changes in protein tyrosine phosphorylation are not observed. 2 We speculate that the 115-kDa protein in human lung fibroblasts might represent a component of the NADH oxidase complex that requires tyrosine phosphorylation for the enzyme to be catalytically active. Such a mechanism for the activation of an oxidase in not unprecedented, since tyrosine phosphorylation has been suggested to play a role in the activation of the NADPH oxidase in neutrophils by formyl-Met-Leu-Phe and IgG (24) . The 115-and 103-kDa proteins that are phosphorylated in response to TGF-␤1 in fibroblasts are not known components of the phagocytic NADPH oxidase (31), which is not surprising since growing evidence suggests that NAD(P)H oxidoreductases in nonphagocytic cells are likely to be both structurally and genetically distinct (33) .
Additionally, this study demonstrates the capacity of TGF-␤1 to activate a nonreceptor PTK(s) that induces protein tyrosine phosphorylation in fibroblasts by a mechanism that requires transcriptional activation, an effect that, to our knowledge, has not been previously reported. This effect appears to be independent of autocrine growth factor stimulation by TGF-␤1. Members of the MAP kinase family of proteins that are dually phosphorylated on threonine and tyrosine have been shown to be activated by TGF-␤1 (14) . However, the proteins shown to be phosphorylated by TGF-␤1 in this study do not correspond to the known MAP kinases or their substrates based on molecular weights alone (34) .
The precise function of the TGF-␤1-activated NADH oxidase and extracellular production of H 2 O 2 is currently unknown. The ability of TGF-␤1 to generate extracellular ROI is unique and has not been found with any other growth factors tested to date. TGF-␤1 plays a central role in tissue injury/repair that is a complex but well orchestrated process requiring regulated cell-cell communication. In this process, extracellular H 2 O 2 may have paracrine effects on neighboring cells/matrix or autocrine effects. Obha et al. (19) has reported that H 2 O 2 generated extracellularly can diffuse back into the cell in an autocrine manner to activate early response genes (19) . Defining functional role(s) for this novel TGF-␤1-activated oxidase will be important in broadening our current understanding of the diverse actions of this cytokine.
